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Abstract: Photonic crystals have the advantage of minimizing thermal losses from solar cells, reflecting
the solar radiation that is not absorbed by the photovoltaic device. To optimize this optical response,
photonic crystals are designed considering the relative position of the Bragg peak and the bandgap
of the solar cell, under normal incident irradiation conditions. The aim of this research article was
to determine experimentally the optical limits of a solar cell coupled to a photonic crystal acting
as beam splitter. For that purpose, the photovoltaic system was characterized under indoor and
outdoor conditions; angular dependence of the irradiation source was determined in each case, and
both results were compared with good agreement. Moreover, other parameters such as irradiation
spectrum and polarization of the light were investigated. The main conclusion is that photovoltaic
performance is highly affected by the Bragg peak shifting and the profile is distorted, due to the
angular dependence with the sun. These experimental limits must be considered at the early design
stage to avoid performance losses.
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1. Introduction
One-dimensional photonic crystal (1DPC) is a well-known concept with broad fields of application
since their discovery in 1987 [1,2]. Their initial development was motivated to improve laser and
optical fiber technologies [3–5], but today they have been extended to other commercial devices,
like optical filters [6,7], high Q-photonic cavities [8,9], photocatalysis [10,11], high-temperature
sensitive sensors [12], magnetoplasmonics [13], metamaterials [14], light tailoring [15], or even energy
functionalization. [16].
Photonic crystals are also present in nature: these structured materials are present, for example, in
ants to reflect light, and therefore, to reduce their temperature; butterflies use these periodic structures
on their wings to scatter the light and generate their distinctive iridescent color [16]. Furthermore, they
are used by chameleons for rapid modifications of their color during social interactions [17].
In the last years, the strong progress in photonic technologies has led to a growing interest in
this field, opening the possibility of new applications, including renewable energies. Some examples
of these new applications are energy-harvesting windows [18], luminescent solar concentrators [19],
photonic color back reflector [20], solar energy trapping [21], filters to avoid thermal heating of the
device [22,23], or beam splitters to combine different solar technologies [24].
The easiest way to design 1DPC is to create a structure using materials with a well-defined periodic
patterning in the dielectric function. Because of this design, these artificial materials allow a broader
energy range initially forbidden, so light is capable of being shaped and bent. The length scale of this
spatial variation determines the spectral range of the photonic crystal.
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Efficiency of any solar cell technology depends, among other parameters, first, on the solar spectral
distribution, and second, on the absorbance spectrum of the material used as active semiconductor.
Thus, on one hand, the solar spectrum is very broad, from 300 to over 2500 nm. On the other hand,
not all photons are absorbed by the semiconductors, due to a mismatch between their band gap and
the incoming photon energy. Consequently, Shockley and Queisser calculated that the maximum
theoretical efficiency for a single-junction solar cell technology is approximately 30% [25]. In addition,
those nonabsorbed photons produce an increase of the solar cell temperature due to thermal energy
transfer, with negative effects. Therefore, it would be desirable to create metamaterials whose optical
properties were adapted to the solar spectrum at the particular location where photovoltaic plants are
to be installed.
A mechanism that has been proposed to prevent the increase in temperature is to use photonic
crystals as selective filters of the solar spectrum on the solar cell [22,23]. The advantage of this
beam splitter concept is that 1DPC acts as a selective mirror component only for a well-defined solar
irradiance spectral range, while transparency is maintained for the rest of the spectrum. The key
parameter to optimize the 1DPC design consists of adjusting the reflection peak (Bragg peak) to the
photon energy, in order to reflect it.
For instance, Figure 1a shows the spectral response of a 1DPC, designed to reflect the near infrared
irradiation that generates thermal losses in the solar cell. However, it remains transparent to the visible
solar spectrum to allow the photovoltaic effect in the semiconductor. Good matching between 1DPC
transmission spectrum (red line) and spectral response of the solar cell (blue dots) might be achieved.
However, if the purpose of the 1DPC is to act as back selective reflector, the most convenient conditions
vary, as illustrated in Figure 1b: the device reflects photons within the visible range, while the near
infrared spectrum is transmitted.
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Figure 1. (a) One-dimensional photonic crystal (1DPC) designed to minimize solar cell overheating 
by reflecting nonabsorbed infrared photons. (b) 1DPC designed to act as back spectral selective mirror 
or beam splitter: Visible solar spectrum is reflected. Dashed red line: photonic crystal transmittance; 
blue dots: silicon solar cell spectral response. 
Regarding photonic crystals in the photovoltaic device, performance of the solar cell can be 
enhanced by matching the photonic crystal with the solar irradiance. Ideally, the characteristics of 
the photonic crystals adapted to the solar cells are (Figure 1): (a) high reflectivity in a specific spectral 
range; (b) high transparency in a different spectral range; and (c) a steep edge between both spectral 
ranges. Each spectral range will be selected depending on the functionalities requested for the 
photonic crystal (beam splitter, back reflector, reduction of thermal losses, etc.). 
It is known that the reflectance of the 1DPC, which is defined by the Bragg peak position, also 
depends on the incident angle of the incoming irradiance. Although transmittance and reflectance 
are the most interesting parameters for 1DPC integration on the solar cell, the angular dependence of 
this optical material has to be taken into account, and more specifically, the optical coupling 
performance. Despite previous research works on the design and characterization of 1DPC integrated 
with solar cells [26], the majority of them have not paid attention to the angular dependence 
phenomenon or angular dependence has been characterized under indoor conditions with a solar 
simulator, without considering the complex outdoor environment, where angle dependence is a key 
parameter: Lopez-Lopez et al. [27] evaluated the angular dependence but they only considered 
indoor measurements with a dye solar cell coupled to a 1DPC as a back reflector; and they were not 
able to analyze the potential effect of the polarization of the light. They concluded that a proper 
design of 1DPC will enhance the photovoltaic performance of the solar cell. 
Thus, the aim of this work was to analyze the optical coupling performance of a 1DPC integrated 
on a crystalline silicon solar cell, as a function of the incidence angle and solar irradiance spectrum 
dependence, combining indoor and outdoor measurements. 1DPC was coupled to the front side of 
the solar cell as a beam splitter. For that purpose, the next sections will describe how to design and 
manufacture the 1DPC suitable with the spectral response of the solar cell selected for this analysis. 
Furthermore, the optical characterization of both devices (solar cell and 1DPC + solar cell) at indoor 
and outdoor conditions will be presented. 
2. Materials and Methods 
2.1. 1DPC Design and Manufacturing 
This case of study considers a 1DPC acting as a back reflector (Figure 1b). Thus, 1DPC structures 
were designed to reflect maximum energy within the visible spectral range, because the spectral 
Figure 1. (a) One-dimensional phot nic rystal (1DP ) t inimize solar cell overheating by
reflecting nonabs rbed infrared photons. (b) 1DPC designed to act as ack spectral selective mirror or
beam splitter: Visible solar spectrum is reflected. Dashed red line: photonic crystal transmittance; blue
dots: silicon solar cell spectral response.
Regarding photonic crystals in the photovoltaic device, performance of the solar cell can be
enhanced by matching the photonic crystal with the solar irradiance. Ideally, the characteristics of
the photonic crystals adapted to the solar cells are (Figure 1): (a) high reflectivity in a specific spectral
range; (b) high transparency in a different spectral range; and (c) a steep edge between both spectral
ranges. Each spectral range will be selected depending on the functionalities requested for the photonic
crystal (beam splitter, back fl tor, reduction of thermal losses, etc.).
It is known that th reflectance of the 1DPC, which is defined by the Bragg peak position, also
depends on the incident angle of the incoming irradiance. Although transmitta ce an reflectance are the
most interesting parameters for 1DPC integration on the solar cell, the angular dependence of this optical
material has to be taken into account, and more specifically, the optical coupling performance. Despite
previous research works on the design and characterization of 1DPC integrated with solar cells [26],
the majority of them have not paid attention to the angular dependence phenomenon or angular
dependence has been characterized under indoor conditions with a solar simulator, without considering
the complex outdoor environment, where angle dependence is a key parameter: Lopez-Lopez et al. [27]
evaluat d the angular dependenc but t y nly considered indoor measurem nts with a dye solar
cell coupled to a 1DPC as a back reflec r; and they were not able to analyze the potential effect of the
polarization of the light. They concluded that a proper design of 1DPC will enhance the photovoltaic
performance of the solar cell.
Thus, the aim of this work was to analyze the optical coupling performance of a 1DPC integrated
on a crystalline silicon solar cell, as a function of the incidence angle and solar irradiance spectrum
dependence, combining indoor and outdoor measurements. 1DPC was coupled to the front side of
the solar cell as a beam splitter. For that purpose, the next sections will describe how to design and
manufacture the 1DPC suitable with the spectral response of the solar cell selected for this analysis.
Furthermore, the optical characterization of both devices (solar cell and 1DPC + solar cell) at indoor
and outdoor conditions will be presented.
2. Materials and Methods
2.1. 1DPC Design and Manufacturing
This case of study considers a 1DPC acting as a back reflector (Figure 1b). Thus, 1DPC structures
were designed to reflect maximum energy within the visible spectral range, because the spectral
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response of the solar cell is maximized at this spectral region. For that purpose, periodic dielectric
structure was defined as 13 alternating layers of SiO2 (1) and TiO2 (2), resulting the sequence 1 2
1 2 1 2 1 2 1 2 1 2 1. Dielectric layers were deposited by DC magnetron sputtering using ceramic
targets (99.999%) with an area of 500 × 100 mm2. Float glass was used as substrate, with an area of
300 × 300 mm2. To avoid any contamination from the glass substrate, it was cleaned using a glow
discharge at load-lock chamber. The processing chamber was evacuated below 5 × 10−7 mbar prior to
any deposition, and all depositions were carried out using Ar/O2 mixture under constant pressure
(2 × 10−3 mbar). The O2 flow rate was selected in order to operate beyond the transition region of
the cathode voltage versus oxygen flow curve, where the deposition fully works in the oxide mode.
The process was performed at plasma temperature.
Before the creation of the dielectric multilayer stack, the TiO2 and SiO2 deposition rates and
their optical properties were calibrated by deposition of a single layer of the titanium oxide on glass
and silicon oxide on top of titanium oxide/glass. Thickness and refractive index of both dielectric
materials were characterized, and finally, the optical properties of the 1DPC were characterized at
normal incidence and compared with the initial design modeling.
The thickness of the dielectric layers used to manufacture the 1DPC was a critical parameter.
Figure 2 shows that differences in the thickness of these layers implied significant differences in the
optical performance of the samples: three samples (from left to right, PC-03, PC-02, and PC-04) with
the same dielectric material structure but different thicknesses (Table 1) were used to validate the
design specifications of the photonic crystal. Figure 2a shows the reflection spectrum, explaining the
different colors obtained depending on the thickness used for each dielectric layer. In the backside, the
transmission of the same samples using a mirror located at the rear side of the samples is shown. It can
be observed that front and back color for each sample was different, due to the different thicknesses
employed. Reflectance spectrum for the objective of this research is shown in Figure 3. According to
the results summarized in Table 1 and Figure 2, when SiO2 thickness differs 30% from the objective
one, the Bragg peak shifts to lower wavelengths with undesired effects on the optical properties:
transparency is lost in favor of blue-violet colors.
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Table 1. Properties of 1DPC fabricated during calibration process.
Sample ID Layer Sequence











Objective 1 21 21 21 21 21 21 100 1.41 70 2.32
PC-03 1 21 21 21 21 21 21 90 1.41 50 2.32
PC-02 1 21 21 21 21 21 21 140 1.41 70 2.32
PC-04 1 21 21 21 21 21 21 70 1.41 50 2.32
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2.2. Experimental Measurements 
Thickness was measured using a mechanical profilometer (KLA Tencor model P-6, Millice Pte 
Ltd, Singapore, Singapore). Refractive index was characterized using a spectroscopic ellipsometer 
with a rotating polarizer and a fixed analyzer (Semilab GE S6E, Yorba Linda, CA, USA), with a 
spectral range of 250 to 1700 nm. Transmissivity and reflectivity of the 1DPC were characterized by 
a UV-VIS spectrometer setup, including Xe-lamp (Newport model 71228, CA, USA), Monochromator 
(Oriel Cornerstone 260, Irvine, California), integer sphere (Labsphere 3P-GPS-030-SF, North Sutton, 
NH, USA), and UV-VIS detector (Newport 71610, CA, USA). Signal was recorded using a Dual Lock-
in amplifier (Stanford Research SRS-830, Sunnyvale, CA, USA). Refractive index and thickness 
selected for TiO2 were n2 = 2.32 and d2 = 70 nm. For SiO2, values selected were n1 = 1.41 and d1 = 100 
nm. 
To evaluate the angular response of the 1DPC in outdoor conditions, it was coupled to one 
silicon solar cell calibrated by an external certified laboratory (Table 2). A similar solar cell without 
1DPC was used as a reference sample. Optoelectronic characteristics of the solar cells were recorded 
continuously using an Agilent data logger (model 34970A, Santa Clara, CA, USA). Environmental 
conditions (irradiance, temperature, wind speed, etc.) were also monitored using a meteorological 
station (Geonica MTD 301). Samples were located outdoors on a fixed structure at 20° inclination, 
oriented to the south without any neighbor shadows. Photovoltaic measurements were performed at 
Seville (Spain) during the autumn (from September to November 2019). 
  
Figure 3. (a) Reflectance modeling response from the objective 1DPC and picture of one of the
prototypes tested. (b) Refractive index measured with one ellipsometer during the calibration process.
2.2. Experimental Measurements
Thickness was measured using a mechanical profilometer (KLA Tencor model P-6, Millice Pte Ltd,
Singapore, Singapore). Refractive index was characterized using a spectroscopic ellipsometer with
a rotating polarizer and a fixed analyzer (Semilab GE S6E, Yorba Linda, CA, USA), with a spectral
range of 250 to 1700 nm. Transmissivity and reflectivity of the 1DPC were characterized by a UV-VIS
spectrometer setup, including Xe-lamp (Newport model 71228, CA, USA), Monochromator (Oriel
Cornerstone 260, Irvine, California), integer sphere (Labsphere 3P-GPS-030-SF, North Sutton, NH,
USA), and UV-VIS detector (Newport 71610, CA, USA). Signal was recorded using a Dual Lock-in
amplifier (Stanford Research SRS-830, Sunnyvale, CA, USA). Refractive index and thickness selected
for TiO2 were n2 = 2.32 and d2 = 70 nm. For SiO2, values selected were n1 = 1.41 and d1 = 100 nm.
To evaluate the angular response of the 1DPC in outdoor conditions, it was coupled to one
silicon solar cell calibrated by an external certified laboratory (Table 2). A similar solar cell without
1DPC was used as a reference sample. Optoelectronic characteristics of the solar cells were recorded
continuously using an Agilent data logger (model 34970A, Santa Clara, CA, USA). Environmental
conditions (irradiance, temperature, wind speed, etc.) were also monitored using a meteorological
station (Geonica MTD 301). Samples were located outdoors on a fixed structure at 20◦ inclination,
oriented to the south without any neighbor shadows. Photovoltaic measurements were performed at
Seville (Spain) during the autumn (from September to November 2019).
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The 1DPC has been designed to reflect in the visible solar spectrum, so its maximum reflectivity is
centered at approximately 650 nm and Bragg peak deal with 300 nm width (Figure 3a). Spectroscopy
ellipsometry also provided an accurate measurement of refractive index data of the dielectric layers
used (SiO2 and TiO2) to manufacture the 1DPC. Cauchy dispersion relation was selected as a theoretical
model for the experimental data fitting (Figure 3b). 1DPC was finally achieved considering 13 dielectric
layers alternating periodically SiO2 and TiO2.
Reproducibility and repeatability of the study was confirmed by processing a batch of 10 identical
samples, each sample of 300 × 300 mm2. The same characterization was done measuring at five points
per sample (center and corners). The influence on the Bragg peak position was also studied when the
thickness of the dielectric layers was modified in the range of +/− 10%, with negligible relevance on
the optical properties within this interval.
3. Results and Discussion
3.1. Incident Angle Effect
In this section, analyses of the 1DPC incident angle dependence, solar spectrum distribution and
polarization of the light are shown, as well as their impact on the optical coupling with the solar cell.
The first characterization consisted in determining the influence of the incident angle of the light on
the reflectivity exhibited by the 1DPC. For this test, the dielectric periodic structure was characterized
using a UV-VIS spectrometer (Figure 4). It was observed that as the incident angle increased, the
Bragg peak position shifted to lower wavelengths and its original gaussian profile was shifted from its
original position (Figure 4b), and finally, its shape was distorted (Figure 4c). The limit was identified
when the incident angle was higher than 60◦: under these conditions, Bragg peak reflection shifted
about 100 nm and its profile became significantly smooth, so the energy reflected was totally negligible
(Figure 4c, yellow line). The largest absorption was obtained with the longest optical paths used by the
light across the active layer, together with the reduction of the coupling from higher reflection at the
glass–air interface.
As the incidence angle changed from the normal direction, transverse electric and transverse
mode were modified, but showing different types of dependence. Thus, photonic bandgap varied as a
function of the incident angle of the light. Comparing different incident angles, the Bragg reflection
was shifted to high energy photons. One of the most important effects observed was for incident
angles higher than 60◦, so 1DPC did not work as an irradiance selective reflector due to the Bragg
peak smoothing.
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where D65(λ) is the normalized spectrum of the incoming radiation, T(λ) is the transmittance of the
sample, and τ is the integer transparency of the 1DPC. Figure 5b shows that transparency integrated
over the complete irradiance spectrum depended on the incident angle, according to the Bragg
peak shifting.
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sample without any 1DPC. After fitting Bragg peak position as a function of the incident angle (Figure 








































Figure 5. (a) Bragg peak position shifting as function of the incident angle; and (b) transparency data
obtained from transmittance curves versus incident irradiation angle.
In particular, when the incident angle was higher than 60◦, the transmission spectrum did not
exhibit a photonic band gap, which was the key parameter that characterized the 1DPC performance.
Thus, for these conditions, the solar cell coupled to 1DPC had a lower transparency than the reference
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sample without any 1DPC. After fitting Bragg peak position as a function of the incident angle




n2e f f − sin
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where neff represents the effective refractive index of the 1DPC, θ is the incident angle, and d is the
photonic crystal thickness. Thus, effective refractive index for 1DPC could be extrapolated from this
experimental data collection [29]. The most common mistake consists of designing the 1DPC under
normal incidence, so Equation (2) would be simplified into Equation (3):
λ0 = 2dn2e f f (3)
However, as can be observed in Figure 5a, this simplification implies that the 100 nm peak position
shift is an overestimation. Because under real operating conditions, the irradiation source tends
towards higher incident angles with respect to the photovoltaic system, Equation (3) wrongly assumes
that Bragg peak remains at the same position. This natural effect, not considered in Equation (3), has
critical consequences for its optical properties.
Once the indoor tests determined the relationship between the incident angle and the Bragg peak
position of the 1DPC and limit conditions were identified, the prototypes were characterized under
outdoor conditions. This test validated the indoor hypothesis and demonstrated the optical coupling
performance under real operating conditions for the photovoltaic device.
To investigate the angular incoming irradiation on the optical coupling effect between the 1DPC
and the solar cell, the photocurrent generated by the prototype under outdoor conditions was measured,
obtaining more than 2000 experimental data. The location where the experiments were carried out was
Seville (Spain), with latitude 37.39◦ and longitude −5.97◦, during autumn. Two similar prototypes
were installed: a solar cell with 1DPC coupled on top and an identical solar cell without 1DPC, which
served as a reference sample.
The photocurrent of both devices was measured. The first remarkable evidence was that when the
incoming radiation to the devices was normal, both signals were proportional, as expected. However,
this correlation was lost during the sunrise and sunset, due to the high incident angles for the incoming
radiation irradiance. Optical coupling losses (ηlosses), due to the 1DPC performance, were beyond





where I1DPC and IC represent the photocurrent measured for 1DPC coupled to the solar cell and the
reference solar cell, respectively.
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Figure 6. Experimental dependence observed for the optical coupling losses as function of the
incident angle.
Figure 6 shows that these results were fully aligned with the analysis discussed above for the
indoor measurements. As the position of the sun varied along the day, the Bragg peak position shifted
from the expected value with normal incident light. If this modification was in the range of +/−
50◦ and the width of the Bragg peak remained almost constant, there was no significant effect on
the photovoltaic device. However, when the incident angle was higher than 50◦, the Bragg peak
was distorted. Furthermore, the Bragg peak position shifted more than 100 nm. As a consequence,
maximum reflectivity was significantly reduced and the original gaussian profile of the Bragg peak was
the smoothest. Hence, 1DPC lost their main optical functionalities and the expected optical coupling
generated critical losses in the device performance.
3.2. Irrandiance Spectrum Modification Effect
According to our results, higher incident angles induced a nondesired performance of the optical
properties of the 1DPC coupled to the solar cell: transparency was significantly reduced, Bragg position
shifted to lower energies, and the reflection peak profile was the smoothest, so the main benefits of the
photonic crystal dropped. These conditions were critically observed close to dawn and sunset periods,
when the irradiance spectrum also changed compared to midday. Scattered light in the atmosphere at
these periods of the day modifies the solar spectrum, and this might have affected the optical coupling
between 1DPC and the solar cell too. Despite incoming energy on the solar cells at these periods being
low for the selected location, this effect should be considered at other locations far away from the
equator region.
To determine the criticality of these two parameters (irradiance incident angle and solar spectrum
shifting), two identical solar cells, with and without PC1D coupled, were located on a 2-axis tracking
to measure again the photocurrent generated. The tracker modified its position quickly, from −70◦ to
70◦, monitoring all measurements in a short period of time, thus allowing us to assume that the solar
spectrum did not change significantly during the test.
Results obtained from this test were compared with those obtained from the fixed structure
(Figure 7). Data support the previous discussion: when the incident angle was higher than 50◦,
the losses observed in the solar cell coupled with the 1DPC were significant. At these operational
conditions, the expected benefits of the crystal photonics are converted into undesired drawbacks.
Effects derived from the irradiance spectrum shifting at dawn and sunset were secondary when
compared with the Bragg peak position and its consequence for the optical coupling of the 1PCD. It is
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also important to point out that monitoring data from the samples installed on a fixed structure or into
a 2-axis tracking system were coincident.Appl. Sci. 2020, 10, 1574 10 of 13 
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Figure 7. Losses derived fro the 1DPC and solar cell optical coupling easured into a 2-axis tracking
system, to avoid the effect of irradiance spectrum modification during the day. Red circles represent
data collected at the fixed structure (Section 3.1), while blue diamonds correspond to data collected
from the 2-axis tracking experiment (Section 3.2).
Thus, we have demonstrated that, according to Lambert’s law, the photocurrent generated by the
photovoltaic device is proportional to the cosine of the angle of incidence of the incoming radiation.
However, when optical elements, such as the photonic crystal, are considered in the photovoltaic
prototype design, predicted losses by Lambert’s law must be updated to consider the optical decoupling
between both elements. This combined effect predicts a reduction in the irradiation cone to maximize
the photocurrent of the solar cell under outdoor conditions.
3.3. Polarization Effect
In addition, irradiation is not only described upon its spectrum or the sun position elevation. The
state of the light is thus completely defined only when polarization and its dependence are well known.
Angular modification had implications on the scattering of polarized light in photonic crystals [30–32].
Thus, when a 1DPC is designed for solar applications, design specifications must consider not only the
solar spectrum at normal incidence but also angular and polarization dependence. Solar radiation does
not have a preferential orientation in the electric field of the light; it is called natural polarization. When
this natural polarization is partially reflected by a dielectric material, the degree of polarization of both
the reflected and the transmitted light changes: reflected light gets fully polarized in the perpendicular
plane of incoming radiation, while transmitted light has higher intensity and the nature of polarization
is partially linear.
Photonic crystals coupled to solar cells were located in the back side of the front glass of the device.
Thus, despite solar radiation being naturally polarized, light incoming on the 1DPC was partially
polarized. As photonic crystals modified the polarization nature of the light, either by reflection or
transmission, performance of the solar cell coupled to this optical component might be affected. To
investigate the influence of this polarization shift, the angular dependence of the reflection of the light
by 1DPC was measured, considering natural and linear polarization (Figure 8).
Appl. Sci. 2020, 10, 1574 11 of 13
Appl. Sci. 2020, 10, 1574 11 of 13 
 
Figure 8. Incident angle dependency of PC1D as a function of the polarization of the incoming 
radiation. Solid lines correspond to natural polarization light, and open circles refer to linear 
polarization data. 
At low incident angles, there was a coincidence between linear and natural reflected light. This 
means that with the normal incident direction or low incident angles, reflectivity was independent 
of the polarization. However, when the incident angle increased, there was a difference in intensity 
between light with linear polarization reflected and natural light, but the Bragg peak position 
remained almost constant. At higher incidence angles, due to the periodic structure of the photonic 
crystal, it was possible to create spectral selective mirrors that were polarization dependent. 
Polarization affected the photovoltaic device in terms of the intensity of the light reflected or 
transmitted, but there was no dependence on the Bragg peak shift observed previously. These results 
were in good concordance with Equations (3)–(5). Angular reflection modified polarized light 
scattering in plasmonic structures, and this opens an interesting portfolio of applications like splitters. 
4. Conclusions 
In this research, the optical coupling between 1D photonic crystals and solar cells was analyzed. 
Outdoor measurements revealed three potential dependence factors: (a) incident angle; (b) 
irradiance spectrum; and (c) natural and linear polarization of the incoming light. We demonstrated 
that the most relevant factor, from a photovoltaic effect point of view, was the incident angle variation 
due to the sun shift throughout the day. Solar irradiance harvesting enhancement was observed when 
the elevation angle of the sun was between 50° and normal incidence. Out of this angle range, optical 
performance dropped as a consequence of optical decoupling with the solar cell spectral response: 
Bragg peak intensity was significantly reduced, Bragg peak position shifted and remained out of the 
design specifications, and the gaussian profile of the Bragg peak disappeared for high incident angles. 
All of this negatively affected the efficiency of the photovoltaic device coupled to 1DPC. As a main 
conclusion, not only should the normal incident light conditions be considered, but also the influence 
of these environment conditions should be controlled at the design phase of the device to ensure the 
proper performance during the operational phase. 
Polarization of the incoming radiation is a second factor that cannot be neglected to estimate the 
electrical production of the solar cell. It has also been demonstrated that linear polarization and 
natural polarization exhibit different behavior from the point of view of the reflectivity. This change 
of intensities was related to the photocurrent generated by the photovoltaic device. 
The use of 1D photonic crystal in solar applications opens a new portfolio of applications, 
especially for solar thermal energy hybridization (beam splitter) and photovoltaic devices 
(transparent modules for building integrated application). These results support the design of these 
Figure 8. Incident angle dependency of PC1D as a function of the polarization of the incoming radiation.
Solid lines correspond to natural polarization light, and open circles refer to linear polarization data.
At low incident angles, there was a coincidence between linear and natural reflected light. This
means that with the normal incident direction or low incident angles, reflectivity was independent
of the polarization. However, when the incident angle increased, there was a difference in intensity
between light with linear polarization reflected and natural light, but the Bragg peak position remained
almost constant. At higher incidence angles, due to the periodic structure of the photonic crystal, it was
possible to create spectral selective mirrors that were polarization dependent. Polarization affected
the photovoltaic device in terms of the intensity of the light reflected or transmitted, but there was no
dependence on the Bragg peak shift observed previously. These results were in good concordance
with Equations (3)–(5). Angular reflection modified polarized light scattering in plasmonic structures,
and this opens an interesting portfolio of applications like splitters.
4. Conclusions
In this research, the optical coupling between 1D photonic crystals and solar cells was analyzed.
Outdoor measurements revealed three potential dependence factors: (a) incident angle; (b)
irradiance spectrum; and (c) natural and linear polarization of the incoming light. We demonstrated
that the most relevant factor, from a photovoltaic effect point of view, was the incident angle variation
due to the sun shift throughout the day. Solar irradiance harvesting enhancement was observed when
the elevation angle of the sun was between 50◦ and normal incidence. Out of this angle range, optical
performance dropped as a consequence of optical decoupling with the solar cell spectral response:
Bragg peak intensity was significantly reduced, Bragg peak position shifted and remained out of the
design specifications, and the gaussian profile of the Bragg peak disappeared for high incident angles.
All of this negatively affected the efficiency of the photovoltaic device coupled to 1DPC. As a main
conclusion, not only should the normal incident light conditions be considered, but also the influence
of these environment conditions should be controlled at the design phase of the device to ensure the
proper performance during the operational phase.
Polarization of the incoming radiation is a second factor that cannot be neglected to estimate
the electrical production of the solar cell. It has also been demonstrated that linear polarization and
natural polarization exhibit different behavior from the point of view of the reflectivity. This change of
intensities was related to the photocurrent generated by the photovoltaic device.
The use of 1D photonic crystal in solar applications opens a new portfolio of applications, especially
for solar thermal energy hybridization (beam splitter) and photovoltaic devices (transparent modules
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for building integrated application). These results support the design of these optical filters and to
identify critical tolerance to evaluate the performance of the full device in real operating conditions.
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